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rlbosome complexes as selection particles for in vitro display 
and evolution of proteins 

Background to the invention 

A current focus of interest in molecular biology and biotechnology is in the display of large 
libraries of proteins and peptides and in means of searching them by affinity selection. The key 
to genetic exploitation of a selection method is a physical link between individual molecules of 
the library (phenotype) and the genetic information encoding them (genotype). A number of cell- 
based methods are available, such' as on the surfaces of phages (1), bacteria (2) and animal 
viruses (3). Of these, the most widely used is phage display, in which proteins or peptides are 
expressed individually on the surface of phage as fusions to a coat protein, while the same phage 
particle carries the DNA encoding the protein or peptide. Selection of the phage is achieved 
through a specific binding reaction involving recognition of the protein or peptide, enabling the 
particular phage to be isolated and cloned and the DNA for the protein or peptide to be recovered 
and propagated or expressed. 

A particularly desirable application of display technology is the selection of antibody combining 
sites from combinatorial libraries (4). Screening for high affinity antibodies to specific antigens 
has been widely carried out by phage display of antibody fragments (4). Combinations of the 
variable (V) regions of heavy (H) .and light (L) chains are displayed on the phage surface and 
recombinant phage are selected by binding to immobilised antigen. Single-chain (sc) Fv 
fragments, in which the V H and V L domains are linked by a flexible linker peptide, have been 
widely used to construct such libraries. Another type of single chain antibody fragment is termed 
V H /K, in which the V H domain is linked to the complete light chain, i.e. V H -linker-V L -C L (10). 
This has a number of advantages, including stability of expression in £. coli and the use of the 
C L domain as a spacer and as a tag in detection systems such as ELIS A and Western blotting. 
Antibody V H and V L region genes are readily obtained by PCR and can be recombined at random 
to produce large libraries of fragments (21). Such libraries may be obtained from normal or 
immune B lymphocytes of any mammalian species or constructed artificially from cloned gene 
fragments with synthetic H-CDR3 regions (third complementarity determining region of the 
heavy chain) generated in vitro (22). Single chain antibody libraries are potentially of a size of 



4SDOCID: <WO 88543 12A1_L> 



SUBSTITUTE SHEET (RULE 26) 



WO 98/54312 



CT/GB98/01564 



2 

>10 10 members. Libraries can also be generated by mutagenesis of cloned DNA fragments 
encoding specific V H /V L combinations and screened for mutants having improved properties of 
affinity or specificity. Mutagenesis is carried out preferably on the CDR regions, and particularly 
on the highly variable H-CDR3, where the potential number of variants which could be 
constructed from a region of 1 0 amino acids is 20 10 or 10 13 . 

It is clear that for efficient antibody display it is necessary to have a means of producing and 
selecting from very large libraries. However, the size of the libraries which can potentially be 
produced exceeds by several orders of magnitude the ability of current technologies to display 
all the members. Thus, the generation of phage display libraries requires bacterial transformation 
with DNA, but the low efficiency of DNA uptake by bacteria means that a typical number of 
transformants which can be obtained is only 10 7 -10 9 per transformation. While large phage 
display repertoires can be created (17), they require many repeated electroporations since 
transformation cannot be scaled up, making the process tedious or impractical. In addition to the 
limitations of transformation there are additional factors which reduce library diversity generated 
with bacteria, e.g. certain antibody fragments may not be secreted, may be proteolysed or form 
inclusion bodies, leading to the absence of such binding sites from the final library. These 
considerations apply to all cell-based methods. Thus for libraries with 10 10 or more members, 
only a small fraction of the potential library can be displayed and screened using current 
methodologies. As noted, the size of an antibody library generated either from animal or human 
B cells or artificially constructed can readily exceed 10 10 members, while the number of possible 
peptide sequences encoding a 10 residue sequence is 10 u . 

In order to avoid these limitations, alternative display systems have been sought, in particular in 
vitro methods which avoid the problem of transformation in library production. One such method 
is the display of proteins or peptides in nascent form on the surface of ribosomes, such that a 
stable complex with the encoding mRNA is also formed; the complexes are selected with a 
ligand for the protein or peptide and the genetic information obtained by reverse transcription of 
the isolated mRNA. This is known as ribosome or polysome display. A description of such a 
method is to be found in two US patents, granted to G. Kawasaki/Optein Inc. (16). Therein, semi- 
random nucleotide sequences (as in a library) are attached to an 'expression unit' and transcribed 
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in vitro\ the resulting mRNAs are translated in vitro such that polysomes are produced; 
polysomes are selected by binding to a substance of interest and then disrupted; the released 
mRNA is recovered and used to construct cDNA. Two critical parts of the method are the stalling 
of the ribosome to produce stable complexes, for which cycloheximide is used, and the recovery 
of the mRNA, for which the bound polysomes are disrupted to release mRNA and the mRNA 
is then separately recovered. The latter is an integral pan of the method as described by Kawasaki 
and adopted by all others until now. Thus, section VII of the patents (16) deals with the 
disruption of the polysomes by removal of magnesium, etc; ho other method for recovery of RNA 
or cDNA is suggested other than ribosomal disruption. In US patent no. 5,643,768, claim 1 refers 
to translating mRNA in such a way as to maintain polysomes with polypeptide chains attached, 
then contacting to a substance of interest, and finally isolating mRNA from the polysomes of 
interest. In claim 2, cDNA is constructed subsequent to isolating mRNA from the polysomes that 
specifically bind to the substance of interest. This is reiterated in claim 15, wherein step (g) 
comprises disrupting said polysomes to release said mRNA and step (h) comprises recovering 
said rnRNA, thereby isolating a nucleotide sequence which encodes a polypeptide of interest. 
Similarly, this is repeated again in claim 29 (e) ... isolating mRNA from the polysomes that 
specifically react with the substance of interest. In US patent no. 5,658,754, claim 1 (g) also 
requires disrupting said polysomes to release mRNA; (h) is recovering said mRNA; and (i) is 
constructing cDNA from said recovered mRNA. However, Kawasaki did not reduce the method 
to practice in these filings and provided no results. Accordingly, the method was not optimised 
and he was unaware of the inefficiency of the system as he described it, in particular that due to 
the method of recovery of mRNA by polysome disruption. 

Another description of prokaryotic polysome display, this time reduced to practice, is the 
international published application WO 95/11922 by Affymax Technologies (18) and the 
associated publication of Mattheakis et al. (14). Both relate to affinity screening of polysomes 
displaying nascent peptides, while the patent filing also claims screening of antibody libraries 
similarly displayed on polysomes. They refer to libraries of polysomes, specifically generated in 
the E. coli S30 system in which transcription and translation are coupled. To produce a 
population of stalled polysomes, agents such as rifampicm or chloramphenicol, which block 
prokaryotic translation, are added. The means of recovering the genetic information following 
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selection of stalled ribosomes is again by elution of the mRNA. In the flowsheet of the method 
shown in Figure 10 of the patent application (18), an integral part is step 4, namely elution of 
mRNA from the ribosome complexes prior to cDNA synthesis. The main example in the patent 
and the publication is of screening a large peptide library with 10 12 members by polysome display 
and selection of epitopes by a specific antibody. The polysomes were selected in antibody-coated 
microplate wells. The bound mRNA was liberated with an elution buffer containing 20mM . 
EDTA and was then phenol extracted and ethanol precipitated in the presence of glycogen and 
the pellet resuspended in H 2 0. 

It is clear that the procedures described by Mattheakis et al. are very inefficient at capturing 
and/or recovenng mRNA; thus, on p.72 of the Affymax filing (18), only 1-2% of radiolabeled 
polysomal mRNA encoding the specific peptide epitope was recovered, which was 
acknowledged to be low (line 5). The patent application (but not the publication) also includes 
the selection of an antibody fragment, but with much less detail. In this case, Dynal magnetic 
beads coated with antigen were used as the affinity matrix. In the example, labelled mRNA was 
specifically recovered but they did not show recovery of cDNA by RT-PCR. Hence there was no 
estimation of efficiency or sensitivity, and no demonstration of selection from a library or 
enrichment. 

In a more recent publication (15), Hanes and Pluckthun modified the method of Mattheakis et 
al. for display and selection of single chain antibody fragments. While retaining the concept, 
additional features were introduced to make the method more suited to display of whole proteins 
in the prokaryotic, £. coli S30 system. One innovation is the stalling of the ribosome through the 
absence of a stop codon, which normally signals release of the nascent protein. Once again, 
recovery of genetic material was by dissociation of the ribosome complexes with lOmM EDTA 
and isolation of the mRNA by ethanol precipitation (or Rneasy kit) prior to reverse transcription. 
Separate transcription and translation steps were used, and it was stated that the coupled 
procedure has lower efficiency; however, no data was provided to this effect. A large input of 
mRNA was used in each cycle (lOjig). 

Many additions were incorporated by Hanes and Pluckthun in order to improve the yield of 
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mRNA after the polysome display cycle, which was initially as low as 0.001% (15). These 
included stem loop structures at the 5' and 3* ends of the mRNA. vanadyl ribonucleoside 
complexes as nuclease inhibitor (which also partially inhibit translation), protein disulphide 
isomerase PDI (which catalyses formation of disulphide bonds) and an anti-sense nucleotide (to 
inhibit ssrA RNA which in the prokaryotic system otherwises cause the release and degradation 
of proteins synthesised without a stop codon). The combination of anti-ssrA and PDI improved 
efficiency by 12-fold overall. However, the yield of mRNA at the end of the cycle, with all 
additions, was still only 0.2% of input mRNA, expressing the combined efficiency of all steps, 
including ligand binding (on microtiter wells), RNA release and amplification. Affymax have 
already described a yield of 2%, i.e. 10-fold higher, as low (cited above). 



Hanes and Pluckthun also demonstrated recovery of a specific antibody from a mixture (of two) 
in which it is initially present at a ratio of 1:10 8 . This required 5 sequential repetitions of the 
cycle,.i.e. using the DNA product of one cycle as the starting point of the next. In Figure 4(A) 
of ref. 15, there is a considerable carry over of the nonselected polysomes, probably reflecting 
the method of selection or mRNA recovery. As a consequence, the enrichment factor is 
relatively low, about 100-fold per cycle. 

A further recent ribosome display method was described by Roberts and Szostak (23), in which 
the nascent protein is caused to bind covalently to its mRNA through a puromycin link. In this 
system, selection is carried out on these protein-mRNA fusions after dissociation of the 
ribosome. It thus differs significantly from the other methods described here since it does not 
involve selection of protein-ribosome-mRNA particles. Its efficiency is only 20-40 fold. 



Brief Description of the Invention 

It is clear that the described prokaryotic methods of polysome display leave considerable scope 
for methodological improvement to increase efficiency of recovery of mRNA, sensitivity and 
selection. In the invention described herein, we have developed a novel, eukaryotic method of 
ribosome display and demonstrate its application to selection and mutation (evolution) of 
antibodies and to selection of other proteins from mRNA libraries. It could equally be applied 
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to isolation of genes from cDNA libraries. 

The invention provides a method of displaying nascent proteins or peptides as complexes with 
eukaryotic ribosomes and the mRNA encoding the protein or peptide following transcription and 
translation in vitro, of norther selecting complexes carrying a particular nascent protein or peptide 
by means of binding to a ligand, antigen or antibody, and of subsequently recovering the genetic 
information encoding the protein or peptide from the selected ribosome complex by reverse 
transcription and polymerase chain reaction (RT-PCR). The RT-PCR recovery step is carried out 
directly on the intact ribosome complex, without prior dissociation to release the mRNA, thus 
contributing to maximal efficiency and sensitivity. The steps of display, selection and recovery 
can be repeated in consecutive cycles. The method is exemplified using single-chain antibody 
constructs as antibody-ribosome-mRNA complexes (ARMs). It is suitable for the construction 
of very large display libraries, e.g. comprising over 10 12 complexes, and of efficiently recovering 
the DNA encoding individual proteins after affinity selection. We provide evidence of highly 
efficient enrichment, e.g. 10"- 10 5 -fold per cycle, and examples demonstrating its utility in the 
display and selection of single chain antibody fragments from libraries, antibody engineering, 
selection of human antibodies and selection of proteins from mRNA libraries. 

In its application to antibody fragments, the method is shown in Figure 1. In this form, the 
method is also termed 'ARM display', since the selection panicles consist of antibody-ribosome- 
mRNA complexes. The antibody is in the form of the single-chain fragment V H /K described 
above, but the method is in principle equally applicable to any single chain form, such as scFv. 
The method differs in a number of particulars from those described above, leading to greater than 
expected improvements in efficiency, sensitivity and enrichment. In principle, it is based on two 
experimental results: (i) single-chain antibodies are functionally produced in vitro in rabbit 
reticulocyte lysates (7) and (ii) in the absence of a stop codon, individual nascent proteins remain 
associated with their corresponding mRNA as stable ternary polypeptide ribosome-mRNA 
complexes in cell-free systems (8,9). We have applied these findings to a strategy for generating 
libraries of eukaryotic ARM complexes and have efficiently selected complexes carrying specific 
combining sites using antigen-coupled magnetic particles. Selection simultaneously captures the 
relevant genetic information as mRNA. 
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The coupled transcription/translation system used here is a rabbit reticulocyte extract (Promega) 
which provides efficient utilisation of DNA. In particular, it avoids the separate isolation of 
mRNA as described in ref. 15, which is costly in materials and time. The deletion of the stop 
codon from the encoding DNA is more productive as a means of stalling the ribosome than the 
use of inhibitors, because it ensures that all mRNA's are read to the 3 ! end, rather than being 
stopped at random points in the translation process. The stabilising effect of deletion of the stop 
codon can be explained by the requirement for release factors which recognise the stop codon and 
normally terminate translation by causing release of the nascent polypeptide chain (26). In the 
absence of the stop codon, the nascent chain remains bound to the ribosome and the mRNA. 
Where it is problematic to engineer stop codon deletion, as in cDNA or mRNA libraries, an 
alternative method would be the use of suppressor tRNA (charged with an amino acid) which 
recognises and reads through the stop codon, thereby preventing the action of release factors (24). 
A further strategy of ribosome stalling would be the use of suppressor tRNA not charged by an 
amino acid. 

In a novel step which introduces a significant difference from preceding methods, we show that 
cDNA can be generated and amplified by single-step reverse transcription - polymerase chain 
reaction (RT-PCR) on the ribosome-bound mRNA, thus avoiding completely the isolation and 
subsequent recovery of rnRNA by procedures that are costly in terms of material and time. The 
success and efficiency of this step is surprising, since it is generally assumed that during 
translation several ribosomes attach to the same mRNA molecule, creating a polysome, and it 
was not known what effect the presence of several ribosomes in tandem on a single mRNA 
molecule would have on reverse transcription, where the RT enzyme must read the length of the 
mRNA. Thus, it is not known whether the enzyme might be able to pass through adjacent 
ribosomes, or cause their removal from the mRNA, or only function on mRNA molecules to 
which only one ribosome was attached. Whatever the explanation, this step contributes greatly 
to the demonstrated efficiency of the system, in which up to 60% of the input mRNA can be 
recovered in one cycle (Example 6, Figure 9), compared with only 2% in the prokaryotic systems 
described by Mattheakis et al (14) and 0.2% by Hanes and Pluckthun (15). Furthermore, we have 
shown that, in the eukaryotic system, extraction of the mRNA from the ribosome complex is five 
times less effective as a recovery procedure than RT-PCR on the nondisrupted complex and that 
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much of the mRNA remains bound to the ribosome even after EDTA extraction (Example 8, 
Figure 1 1). 

The enrichment of individual antibody fragments using ARM display libraries is also more 
efficient than described for prokaryotic display (15). We have performed experiments which 
show that mixtures in which the desired specific fragment is present at one part in 10 5 can yield 
a binding fragment after one cycle, with an effective enrichment factor of >10 4 fold, and that 
cycles can be run sequentially to isolate rarer molecular species from very large libraries 
(Examples 10 and 1 1). This is 2-3 orders of magnitude more efficient per cycle than the results 
reported in the prokaryotic system (15). 

Since the ARM libraries are generated wholly by in vitro techniques (PCR) and do not require 
bacterial transformation, their size is limited mainly by the numbers of ribosomes which can be 
brought into the reaction mixture (-10 14 per ml in the rabbit reticulocyte kit, according to 
manufacturer's information) and the amount of DNA which can be handled conveniently per 
reaction. Hence the production of large libraries becomes much easier than in the phage display 
method, where the limiting factor is bacterial transformation. An important application is in the 
selection of proteins from large libraries of mutants; the library can be generated through PCR 
mutation either randomly or in a site-directed fashion and mutants with required specificity 
selected by antigen-binding. We demonstrate the use of the ARM display procedure to select 
antibody (V H /K) fragments with altered specificity from such libraries. This application to 
antibody engineering is shown in Example 12, in which the specificity of an anti-progesterone 
antibody is altered to testosterone binding by a combination of mutagenesis and selection. Such 
procedures may also be used to produce catalytic antibodies. The operation of the ARM cycle 
itself also introduces a low level of random mutation through the errors of PCR and we show that 
the rate of such errors is 0.54% per cycle (Example 9). This can lead to selection of improved 
properties of affinity and specificity, and is termed 'protein evolution' to indicate the 
development of novel proteins through a combination of mutation and selection (15). The 
eukaryotic ARM cycle is well suited to carrying out efficient protein evolution in vitro. 

The present invention also provides a novel method for obtaining antibodies from libraries made 
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from immunised mice, bypassing hybridoma technology. In particular, we show that it can be 
used to make human antibodies by employing a combination of transgenic mouse technology and 
ARM ribosome display. Mice are available in which transgenic loci encoding human heavy and 
light chain antibody genes are incoporated into the genomes, such mice giving rise to human 
antibodies when immunised (20). We provide herein an example in which human antibodies are 
derived in vitro by ARM display of a library prepared from the lymphocytes of such mice 
(Example 13). This provides a novel route to the derivation of human antibodies for therapeutic 
purposes. 

The ribosome display method described herein is also applicable to any protein or peptide which, 
having been translated in vitro, remains bound to the ribosome and its encoding mRNA. As well 
as the examples showing the applicability of ARM display to antibodies, we also demonstrate 
this more general application through translation of an mRNA library obtained directly from 
normal tissues for selection of individual polypeptide chains (Example 14). 

This version of ribosome display thus meets the need for a simple in vitro display system for 
proteins or peptides. It is capable of a very large library size, combined with ease and efficiency 
of selection and recovery of genetic information; it is also less demanding of special conditions, 
more sensitive and capable of greater levels of enrichment than methods described hitherto. The 
combination of a eukaryotic system with efficient mRNA recovery provides a system with a far 
greater efficiency than would have been predicted by those practiced in the art. 

Figure Legends 

Figure 1. The ARM (antibody-ribosome-mRNA) display cycle, showing the generation of an 
ARM library by mutagenesis of a single-chain antibody fragment (V H /K) template, selection of 
a specific ARM complex by binding to antigen-coupled magnetic beads, and recovery of the 
genetic information by RT-PCR. 

Figure 2A. [SEQ ID 1]. Sequence of the DB3 V H /K expression construct used in ARM 
generation. The location of the primers is shown in bold italics. Start points of the V H , V L , Ck 
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domains and linker are indicated. Dl - D4 are four downstream primers. Dl is used to make the 
full-length DB3 V H /K DNA as starting material for the ARM display cycle. D2, D3 and D4 are 
all recovery primers for use in the first, second and third cycles respectively, in conjunction with 
the T7 primer (see Figure 3). These primers are suitable for all mouse antibodies with a k light 
chain. 

Figure 2B. [SEQ ID 2]. Primers used in the modified ARM display cycle. The new upstream T7 
primer, including the T7 promoter and protein initiation signal, provide an improved yield. This 
figure also shows the EVOU primer sequence with the Xbal site underlined. In the recovery 
phase of the .ARM display, the combination of the upstream (T7) primer and both the D2 and 
EVOU downstream primers lead to recovery of near full length cDNA in each cycle (see Figure 
4). These primers are suitable for all mouse antibodies with a k light chain. 

Figure 3. Demonstration that the 3' end of the mRNA is hidden by the ribosome, and that 
recovery therefore requires the upstream primers D2 and D3 (Figure 2 A) for the recovery stages 
in cycles 1 and 2. In (A), full length DB3 VH/K was transcribed and either primer Dl (1) or D2 
(2) used for recovery, which the gel shows was only successful for D2. In (B) the PCR product 
from cycle A was used in a second cycle with primers D2 (2) or D3 (3); now, the RT-PCR 
recovery was only successful with primer D3. 

Figure 4. Recovery of the same size V H /K DNA over 5 cycles using the 3-primer method. RT 
primer = D2 of Figure 2B; PCR primer = EVOU of Figure 2B. 

Figure 5. Specific selection of an antibody V H /K fragment in the ARM cycle. 
A. Specific selection of DB3 R ARM complexes by progesterone-BSA-coupled beads. Track 1, 
RT-PCR of nontranslated DB3 R mRNA selected by progesterone-BSA beads; 2, RT-PCR of 
DB3 ARM selected by progesterone-BSA beads; 3, PCR of DB3 R ARM selected by 
progesterone-BSA beads; 4, RT-PCR of DB3 R ARM selected by testosterone-BSA beads; 5, 
PCR of DB3 R ARM selected by testosterone-BSA beads; 6, RT-PCR of DB3 R ARM selected by 
BSA beads; 7, PCR of DB3 R ARMs selected by BSA beads. 8 = Ikb DNA marker. 
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B. Nonbinding of a DB3 H35 ARM library to progesterone-BSA-coupled beads. Track 1, Ikb 
DNA marker; 2, RT-PCR of solution control; 3, RT-PCR of DB3 H35 ARMs selected by 
progesterone-BSA beads; 4, RT-PCR of DB3 H35 ARMs selected by rat anti-K-coupled beads. 

C. Selection of DB3 R from ARM libraries containing different ratios of DB3 R and DB3 H35 
mutants. Selection was with progesterone-BSA coupled beads. Track 1, ratio of DB3 R :DB3 H35 
of 1:10; 2, 1:10 2 ; 3, 1:10 3 ; 4, 1:10*; 5, 1:10 s ; 6 = DB3 H35 mutant library alone; 7, lkb DNA 
marker 

Figure 6. Specific inhibition of the soluble DB3 V H /K fragment by free steroids in ELIS A (right 
panel), and of DB3 V H /K in ARM format (centre), demonstrating the same specificity pattern. 
The centre panel shows the result at 100 ng/ml free steroid. This supports the correct folding of 
the antibody fragment on the ribosome. 

Figure 6A. Effect of DTT (dithiothreitol) concentration in the translation reaction on generation 
of functional antibody in ARM display. 

Messenger RNA encoding DB3 VH/K was generated in an in vitro transcription reaction and 
added to the flexi Rabbit Reticulocyte Lysate system (Promega), which allows DTT to be added 
separately Track 1. 7: Marker, track 2: untranslated mRNA control, track 3: 0 DTT, track 4: 2rnM 
DTT. track 5: 5 mM DTT, track 6: lOmM DTT. The result shows that 0, 2mM and 5mM DTT 
all produced good ARM recovery, while only at lOmM was there an inhibition. 

Figure 7. Optimisation of Mg*" concentration for ARM display. 

Figure 8. Optimisation of time course of ARM display. 

Figure 9. Efficiency of recovery of input mRNA. cDNA recovered from the ARM cycle (left 
hand four tracks) is compared with cDNA recovered directly from the mRNA (right hand tracks), 
in each case by RT-PCR. 

Figure 10. Input sensitivity of ARM display, i.e. how little DNA can be used per cycle. 
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In this experiment, the recovery primer combination was T7 and D4 (Figure 2A). (Note that the 
original photograph shows a faint but clearly discemable band at lOpg). 

Figure 11. Comparison of the method (according to the invention) of recovery of cDNA without 
ribosome disruption, with that of prior art technology which requires ribosome disruption. The 
track labelled 'Intact' shows the recovery of cDNA by the present invention, i.e. on the intact 
ribosome without disruption; 'Disrupted' refers to recovery of cDNA by the prior an method of 
ribosome disruption using 20mM EDTA and subsequent isolation of mRNA before RT-PCR; 
and 'Remaining 1 is recovery of cDNA using the method of the present invention from mRNA 
remaining associated with the ribosome after disruption according to the prior art method. The 
relative yields from the 3 recovery reactions was determined by densitometry. 

Figure 12. Error rate per cycle. The occurrence of errors during a single cycle of selection of DB3 
VH/K ARM was determined by cloning the recovered product after RT-PCR and comparing the 
sequences of clones with that of the native DB3. Substitutions are highlighted in bold type. 

Figure 13. Enrichment of a specific antibody fragment from a library of mutants: analysis by 
cloning. DB3 H35 (nonprogesterone-binding) V H /K was engineered such that the unique Hindi 
site was removed; after ARM selection, treatment with Hindi produced a single band of ~-800bp. 
In contrast, similar digestion of DB3 R produces 2 fragments of ~500bp and 300bp. This enables 
clones containing DB3 R to be distinguished from DBS" 35 by Hindi digestion and gel anaylsis, 
as shown. DB3 R ARM complexes were selected from mixtures with DBS" 35 nonbinding mutants 
at ratios of 1 : 1 0 to 1 : 1 0 5 . The resulting cDNA recovered after one cycle of selection was cloned; 
DNA was prepared from individual clones and analysed after Hindi and EcoRI digestion. In each 
track, a doublet of bands at 500 and 300bp indicates DB3 R while a single band at ~800bp is 
DB3 H35 . 10 clones at each ratio were analysed after selection. The result demonstrates an 
enrichment factor of -1 0 4 fold in one cycle. (See Example 10). 

Figure 14. Enrichment of DB3 R from a 1:10 6 ratio library (DB3 R : DB3 H35 ) by repeated ARM 
display cycles. Selection was with progesterone-BSA coupled beads. Track 1, lkb DNA marker; 
2, RT-PCR after first cycle; 3, RT-PCR after second cycle; 4, RT-PCR after third cycle. The 
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shortenening of the band between cycles 2 and 3 is due to the use of different primers (D3, D4 
respectively). 

Figure 15. Changing antibody specificity by mutagenesis and ARM selection (1). DB3 
specificity was changed from progesterone-binding to testosterone-binding by mutagenesis of the 
H-CDR3 loop, followed by a single cycle of ARM selection. Specificity of individual clones was 
analysed by ARM display, selecting with testosterone-BSA coupled beads. Upper panel: pre- 
selection clones; lower panel: post-selection clones. 

Figure 16. Changing antibody specificity by mutagenesis and ARM selection (2): 
Selection of DB3 H3 mutants by testosterone-BSA beads in the presence of free progesterone as 
inhibitor. Track 1: marker; Tracks 2,3: binding of DB3 R to progesterone-BSA (P) or 
testosterone-BSA (T) beads; Tracks 4,5: binding of the DB3 H3-mutant library to P beads, or to 
T beads in the presence of free progesterone; Tracks 6,7: the DNA product of track 5 was put into 
a further ARM display cycle and reselected on P or T beads. (Note the original gel photograph 
shows a distinct band in track 7). 

Figure 17. Changing antibody specificity by mutagenesis and ARM selection (3). 

Steroid binding of 5 individual clones after selection by testosterone beads was analysed by 

ARM display and binding to progesterone-BSA beads (P) and testosterone-BSA beads (T). 

Figure 18. Changing antibody specificity by mutagenesis and ARM selection (4): 
Characterisation of a testosterone-specific clone derived by ARM display from the DB3 H3- 
mutant library. Tracks 1: marker; Tracks 2,3: binding of clone to progesterone-BSA (P) or 
testosterone-BSA beads (T); Tracks 4,5: binding of clone to T beads in the presence of free 
progesterone or free testosterone. The sequence of the H3 region of the mutated clone (mut) is 
shown. 

Figure 19. Sequences of human anti-progesterone and anti-testosterone antibodies isolated from 
an immunised transgenic mouse by ARM display. 
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Figure 20. Selection of genes from a total mRNA library from mouse spleen cells by ribosome 
display. 

Track 1 : Marker 

Track 2: RT-PCR of X light chain on total mRNA from mouse spleen cells. 

Track 3: RT-PCR of X light chain after in vitro translation of above mRNA and selection of 

ribosome complexes by anti-K coated beads 

Track 4: RT-PCR of k light chain on total mRNA from mouse spleen cells. 

Track 5: RT-PCR of k light chain after in vitro translation of the mRNA extract and selection 

of ribosome complexes by anti-K coated beads. 

Track 6: RT-PCR of Ig heavy chain from total mRNA from mouse B cells. 

Track 7: RT-PCR of Ig heavy chain after in vitro translation of the mRNA extract and selection 

of ribosome complexes by anti-K coated beads. 

Materials and method of the arm ribosome display cycle (Figure 1 ) 
1 . Single chain antibody constructs used to generate ARM complexes 

The antibody combining sites used to test this method are in a form which we have previously 
described, namely three-domain single-chain fragments termed V H /K, in which the heavy chain 
variable domain (V H ) is linked to the complete light chain (K) (10). We have described a DNA 
construct and bacterial expression system for producing an anti-progesterone antibody (DB3) as 
a V H /K fragment (10) and both periplasmic and cytoplasmic expression were demonstrated (11). 
The DB3 V H /K fragment has excellent antigen-binding properties, which in our hands are 
superior to those of the commonly used single-chain Fv (scFv) form. Using the 'megaprimer' 
PCR method (12) on plasmid DNA containing DB3 V H /K, mutants at positions HI 00 and H35, 
binding site contact residues for progesterone (13), were produced (unpublished results). DB3 R 
is a mutant in which tryptophan HI 00 was substituted by arginine, a modification which leads 
to an increased affinity for progesterone. DB3 R expressed from E. coli bound strongly to 
progesterone (Ka ~10 9 M" 1 ) but had a much lower affinity for testosterone and none detectable 
for BSA. In contrast, a library of mutants generated at position H35 (designated DB3 H35 ) bound 
progesterone weakly or not at all. We have employed the DB3 R and DB3 H35 mutants to test the 
principle of ARM selection. 
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2. Method for generation of ARM complexes 

To generate V H /K DNA fragments for production of ARMs, PCR was performed using 
appropriate templates together with (i) an upstream T7 primer, containing the T7 promoter, 
protein initiation sequence and degenerate sequence complementary to mouse antibody 5' 
sequences, and (ii) a downstream primer (Dl), lacking a stop codon (Figure 2 A). The T7 primer 
sequence was [SEQ ID 3] S'-gcgcgaatacgactcactatagagggacaaaccatgsaggtcmarctcgagsagtcwgg-S' 
(where s=c/g, m=a/c, r=a/g and w=a/t), and the Dl primer was [SEQ ID 4] 5'- 
tgcactggatccaccacactcattcctgttgaagct-3\ which contains a BamHI site (underlined) for cloning 
purposes. To prepare V H /K constructs, standard PCR was carried out in solution containing lx 
PCR reaction buffer (Boehringer Mannheim UK, Lewes, East Sussex), 0.2mM dNTPs (Sigma), 
0.3 \xM of each primer, 0.05 U/m.1 of Taq polymerase (Boehringer Mannheim) with one or two 
drops of nuclease-free mineral oil overlayed on the top of the mixture. The following programme 
was used: 30 cycles consisting of 94° for 1 min, 54° for 1 min, 72°, for 1 min, then 72° for 10 min 
followed by 4°. 

V H /K PCR constructs (lng - lug) either purified by QIAquick (QIAGEN) or unpurified,.were 
added to 20p.l of the TNT T7 quick coupled transcription/ translation system (Promega UK Ltd, 
Southampton, Hants SO 16 7NS, UK) containing 0.02mM methionine and the mixture incubated 
at 30° for 60min. The protocol can be scaled down to lOfil. After translation the mixture was 
diluted with an equal volume of cold phosphate-buffered saline and cooled on ice for 2 min. (For 
optimisation of conditions, see the description in Examples 4 and 5 below). 

3. Modification of the primers 

The upstream T7 primer, including the T7 promoter and protein initiation signal, can be modified 
with improved yield. The modified sequence is [SEQ ID 5] 

5 -gcagctaatacgactcactataggaacagaccaccatgsaggtcmarctcgagsagtcwgg, as shown in Figure 2B. 

4. Antigen selection of ARM complexes 

Magnetic beads (Dynal, UK) were coupled to bovine serum albumin [BSA], progesterone- 1 lcc - 
BSA, testosterone-3-BSA (Sigma-Aldrich Co. Ltd., Poole, Dorset, UK) orpurified rat anti-mouse 
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k antibody (gift of Dr G Butcher) according to manufacturer's instructions. 2-3 jllI of antigen- or 
anti-K-conjugated magnetic beads were added to the translation mixture and transferred to 4° for 
a further 60 min, with gentle vibration to prevent settling. The beads were recovered by magnetic 
particle concentrator (Dynal MPC), washed 3 times with 50|il cold, sterilised phosphate buffered 
saline (PBS), pH7.4, containing 0.1% BSA and 5mM magnesium acetate, and once with PBS 
alone. In order to remove possible DNA contamination, the beads were treated at 37°C for 25 min 
with DNase I (Promega or Boehringer Mannheim) in 5Q\i\ Dnase I buffer (40mM Tris-HCl, 
pH7.5, 6mM MgCl 2 , lOmM NaCl, lOmM CaCl 2 ) containing 10 units of enzyme, followed by 
three washes with 50|il PBS containing 1% tween-20, 5mM magnesium acetate and resuspension 
in 10p.l of diethylpyrocarbonate-treated water. 

5. Recovery and amplification of genetic information from antigen-selected ARM complexes 
To produce and amplify cDNA from the mRNA of antigen-selected ARMs, RT-PCR was 
performed by adding 2^il of the above bead suspension to 23jil of the RT-PCR mixture (Titan 
One-tube RT-PCR System, Boehringer Mannheim, or Access RT-PCR system, Promega UK Ltd) 
containing l^M of each primer. The primers were the upstream T7 primer described above and 
a new downstream primer, D2, sequence 5'-cgtgagggtgctgctcatg-3\ designed to hybridise at least 
60 nt upstream of the 3'-end of ribosome-bound mRNA (Figure 2A). The use of this primer 
avoids the need to isolate the mRNA from ARM complexes (Figure 1). The reaction mixture was 
overlayed with one or two drops of nuclease-free mineral oil and placed in a thermal cycler 
(Techne Progene). The program for single-step RT-PCR was: one cycle at 48° for 45 min, 
followed by one at 94° for 2 min, then 30-40 cycles consisting of 94° for 30 sec, 54° for 1 min, 
and 68° for 2 min; finally one cycle at 68° for 7 min was followed by 4°. PCR products were 
analysed by agarose gel electrophoresis and eluted from the gel for sequencing. 

6. Further cycles of ARM complex generation and selection, and primer combinations for 
efficient recovery in sequential cycles 

For further cycles, the PCR products produced as above were either gel-purified or added directly 
to the TNT transcription/translation system. In a second cycle, the RT-PCR downstream primer 
D3, sequence [SEQ ID 1 1] 5'-ggggtagaagttgttcaagaag-3\ was designed to hybridise upstream of 
D2 (Figure 2A); similarly in the third cycle the primer D4, [SEQ ED 12] S'-ctggatggtgggaagatgg- 
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3', hybridising upstream of D3, was used (Figure 2A). The recovered DNA becomes 
progressively shorter in each cycle, but a full length V H /K can be regenerated in any cycle by 
recombinational PCR. Moreover, the shortening only affects the constant domain of the light 
chain, not the antigen-binding region. 

In this protocol, each cycle required a new downstream primer (D2, D3, D4) due to the fact that , 
the 3' end of the mRNA is covered by the ribosome and inaccessible to primer. While this avoids 
the need to separate the mRNA from the ribosome, it also causes as noted a shortening of the 
recovered cDNA in each cycle. We have now overcome this problem by designing a new primer 
called EVOU, which incorporates D2 and extends downstream, restoring most of the 3' cDNA 
sequence and which can be used in every cycle. 

As is shown in Figure 2B, the sequence of the EVOU primer, is: 

5 1 - gctctagaggcctcacaggtatagctgttatgtcgttcatactcgtccttggtcaacgtg agggtgctgctcat - 3' [SEQ ED 13] 
bold = Xbal site 

Experiment shows that recovery of cDNA occurs when a mixture of D2 and EVOU are used 
together in the recovery RT-PCR (Example 1, Figure 4). The unexpected feature of the result is 
that use of the primer mixture gives just one band of the expected full length whereas two bands 
were expected. This is probably explained by the efficiency of the EVOU primer under the PCR 
conditions used, leading to a clean and ideal result. 

Therefore, in the preferred method, the primers are the upstream T7 primer and the downstream 
primer D2, sequence [SEQ ID 14] 5'-cgtgagggtgctgctcatg-3\ designed to hybridise at least 60 nt 
upstream of the 3' end of ribosome-bound mRNA, plus the primer EVOU which incorporates D2, 
as in Figure 2B. 

For further cycles, the PCR products produced as above were either gel-purified or added directly 
to the TNT transcription/translation system. The combination of D2 and EVOU primers was used 
in the RT-PCR at the each subsequent cycle. The recovered DNA is thus the same length in each 
cycle. (Figure 4). 
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7. Primers for human VH/K antibody fragments 

The above primers and those shown in Figure 2 are applicable for VH/K fragments from all 
mouse immunoglobulins. For human antibodies the corresponding primers are: 

T7 primer: 5'-gcagctaatacgactcactataggaacagaccaccatgsaggtmcasctcgagsagtctgg [SEQ ID 6], and 
Dl primer: gctctagsacactttcccctgttgaagct [SEQ ED 7] 
D2 primer: gctctagagctcagcgtcagggtgctgct [SEQ ID 8] 
D4 primer: gctclagagaagacagatggtgcagc [SEQ ID 9] 

E V O U primer: cg^aattctctagagfgflrggrggrggrgqfggtagactttgtgtttctcgtagtctgcttt 
gctcagcgtcagggtgctgct [SEQ ID 10] 

(enzyme sites are underlined; hexahistidine tag is in italics). 
Results 



Example 1 : recovery of dna by rt-pcr on the ribosome complex and use of 2- or 3- 
pr1mer combinations 

In the ARM method (Figure 1), the ribosome is stalled and the stable complex (nascent protein- 
ribosome-mRNA) forms because of the absence of a stop codon at the 3' end of the message. 
Since the ribosome is stalled at the 3' end of the mRNA, the latter should be inaccessible to a 3' 
primer and/or to reverse transcriptase, necessitating the use of an upstream primer in the recovery 
of cDNA. This is confirmed by the experiment in Figure 3. When full length DB3 DNA, lacking 
the 3' stop codon, was transcribed and the mRNA translated in vitro and selected with 
progesterone-BSA beads, cDNA recovery showed that the 3' end of the mRNA was not available 
for priming in RT-PCR, whereas an upstream primer (D2, Figure 2A) successfully recovered the 
cDNA. Likewise, in a second cycle, D2 was no longer effective and a primer further upstream 
(D3, Figure 2A) was required. Thus, the concept of a ribosome bound to the 3' end of the mRNA 
in the ARM complex appears to be correct. This experiment demonstrates the recovery of cDNA 
by RT-PCR on the ribosome-mRNA complex. 

Clearly, the repeated use of the ARM cycle in this way leads to shortening of the recovered 
cDNA and eventually it would become necessary to restore full length by a recombinational PCR 
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reaction. However, in the modified procedure, the use of the D2 primer in combination with the 
EVOU primer (Figure 2B) restores the full length in every cycle. Figure 4 shows the recovery of 
the full length VH/K cDNA over 5 cycles. The ARM cycle was performed as described and the 
combination of primer D2 (labelled as RT primer) and EVOU (PCR primer) was used for 
recovery. The recovered product DNA was then applied in 4 further sequential cycles in the same 
way and the products analysed in each case. As shown the full length of VH/K of about lkb is 
recovered in each cycle and the DNA was confirmed by sequencing. 

The use of these primer combinations leads to efficient recovery of cDNA without the need to 
isolate the mRNA separately by dissociation of the polysome, as described by others. It is a quick 
and efficient way of recovering the genetic information as DNA (see also Example 8). 

Example 2: antigen-specific arm selection 

To demonstrate antigen-specific ARM selection, DB3 R V H /K was translated in vitro and ARMs 
exposed to magnetic beads coupled either to progesterone- 1 1 a-BS A, testosterone-3-BSA or BS A 
alone. After RT-PCR, a single DNA fragment was detected only from progesterone- 1 1 a-BS A 
coupled beads (Figure 5 A, tracks 2,4,6), consistent with the known specificity of DB3 R V H /K. 
The recovered fragment was further confirmed as DB3 R by sequencing. No bands were obtained 
when PCR alone, rather than RT-PCR, was carried out on the progesterone- 1 1 a-BS A beads after 
selection (Figure 5A, tracks 3,5,7), or when the procedure was performed with nontranslated 
DB3 R mRNA (Figure 5 A, track 1). Thus, the band recovered by RT-PCR is derived from mRNA 
selected via the functional antibody combining site of DB3 R and not from DNA contamination 
or mRNA carryover. 

Example 3: Inhibition by free antigen of ARM binding to immobilised antigen 

DEMONSTRATES CORRECT FOLDING OF THE VH/K ON THE RIBOSOME 

Inhibition by free steroids can be used to demonstrate the conrect folding and functional activity 
of the ARM complex (Figure 6). The inhibition of DB3 V H /K expressed as an ARM, using 
different steroidal inhibitors, is indistinguishable from that of native DB3 and recombinant V H /K. 
Furthermore, the 50% inhibition by progesterone- 1 la-HMS at Ing (2.5nM) indicates an affinity 
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very close to that of DB3 (data not shown). 

The free steroid inibitors were added to the DB3 ARM mixture in order to block binding to the 
progesterone-coated beads. They are progesterone- 1 1 ot-hemisuccinate (HMS) (PI 1), 
progesterone-3-carboxymethyloxime (P3); progesterone-6-HMS (P6) and progesterone-21-HMS 
(P21). The inhibition of free DB3 V H /K in an ELISA reaction is shown on the right, with the 
efficiency of the steroids in the order PI 1>P3>P6>P21. A very similar order of reaction and 
concentration is seen for the nascent DB3 V H /K on the ribosome as an ARM (the central panel 
shows representative results of the recovery RT-PCR reaction). 

This demonstration of fine specificity confirms that the nascent antibody V H /K fragment is 
correctly folded in the ARM complex. Similarly, there is no requirement for addition of 
chaperones in the rabbit reticulocyte system, whereas this is also desirable in the prokaryotic 
system (15). It is possible that the eukaryotic ribosome itself plays a contributory role in folding 
of the nascent polypeptide chain (25). 

Example 3a: Optimal DTT concentrations for ARM display 

It has been contended that single chain antibodies may not fold correctly in the presence of 2mM 
dithiothreitol (DTT), which is present in the transcription/translation reaction mixture, but this 
appears not to be the case, as shown in Figure 6A. The ARM cycle was carried out in the 
presence of various concentrations of DTT from 0 - lOmM by translating DB3 VH/K mRNA, 
produced in a separate transcription in vitro; the translation reaction was performed in the flexi 
Rabbit Reticulocyte Lysate system (Promega), which allows DTT to be added. The result in 
Figure 6A shows that 0, 2mM and 5mM DTT all produced good ARM recovery (Tracks 3-5), 
while only at lOmM was there an inhibition (Track 6). Hence, 2mM DTT does not adversely 
effect folding and recovery. Thus, protein disulphide isomerase PDI, which is stated as being 
important for folding of antibody domains in the prokaryotic E. coli S30 system (15), is not 
required for eukaryotic ribosome display in the rabbit reticulocyte system. 

Example 4: Optimisation of magnesium concentration (Figure 7) 
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Magnesium acetate in varying concentrations was added to the TNT transcription/translation 
reaction system and the recovery of DNA after the ARM cycle was compared. Optimal yield was 
acheived at 0.5 mM Mg acetate. 

Example 5: Optimisation of time course (Figure 8) 

In the ARM cycle, coupled transcription/translation was carried out for various times in order to 
determine the optimal time-course of the reaction. This is shown to be 60 minutes incubation, 
after which time there was no improvement in recovery. 

Example 6: efficiency of recovery of input mRNA (Figure 9) 

In order to assess the efficiency of recovery of mRNA during a single ARM cycle, mRNA for 
DB3 VH/K was prepared separately by transcription in vitro. The cDNA recovered after the 
processes of translation, ARM complex selection on progesterone beads and RT-PCR on the 
complexes was compared with that recovered directly from the unmanipulated input mRNA. The 
left hand 4 tracks show a titration of the cDNA obtained after recovery from the ARM cycle, 
while the right hand 4 tracks show that obtained from the input mRNA. Densitometry shows that 
about 60% of the possible cDNA is actually recovered after ARM selection. To produce this 
result, 60% of the mRNA must be translated into fully functional antigen-binding protein.This 
recovery yield should be compared with 2% reported by Mattheakis et al. (14) and 0.2% by 
Hanes and Pluckthun (15) and demonstrates the greatly increased efficiency of the present 
method. 

Example 7: sensitivity of the arm cycle for input dna (Figure 10) 

An essential parameter in the efficiency of the system is the sensitivity for input DNA, i.e. how 
little DNA can be used per cycle. This experiment, in which DNA input was titrated, shows that 
a band can be recovered with an input as low as lOpg. The running amount used routinely is 1- 
lOng (tracks 2 and 3). The sensitivity of the prokaryotic methods by titration is not reported, but 
the amount used in the Mattheakis method (14) is 440ng and by Hanes and Pluckthun (15) is 
10|agm. It is quite likely that the additional steps employed by the latter, namely recovery of 
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raRNA prior to translation and again prior to reverse transcription, add greatly to the DNA 
requirement. This can be a critical element in the use of the method to search large libraries. For 
example, with an input of 1 jagm DNA, and a sensitivity of 1 Opgm, it should be possible to obtain 
an enrichment of 10 5 fold in a single cycle, which is what we have found (see Example 10). With 
lower DNA sensitivity, as appears to be the case in the prokaryotic systems, either considerably 
more DNA would have to be put in, or more selection and recovery cycles carried out. 

Example S: comparison of the method (according to the invention) of recovery of 
CDNA WITHOUT ribosome disruption with that of prior art technology which requires 
RIBOSOME disruption (Figure 1 1) 

In order to determine the extent to which our procedure for recovery of cDNA at the end of the 
display cycle, i.e. by RT-PCR on the intact complex, is more efficient than the prior art of 
Kawasaki (16), Mattheakis (14) and Hanes and Pluckthun (15), we have duplicated their 
methods by disruption of the ribosome complex and recovery of RNA before RT-PCR. The 
disruption method followed that described by Hanes and Pluckthun (15): elution buffer was 
50mM Tris/ acetate pH7.5, 150mM NaCl, 20mM EDTA; IOOjjlI was added to beads and 
incubated at 4 °C for 10 min; released RNA was recovered by precipitation with ethanol 
(standard procedure). 

In the gel (Figure 11), the track labelled Intact shows our recovery after one cycle; the track 
labelled Disrupted is recovery by the disruption method; and track labelled Remaining is what 
is left behind on the ribosome after disruption. The relative yields were compared by 
densitometry and showed that recovery performed with the mRNA attached to the ribosome is 
5x more efficient than ribosome disruption when applied to the eukaryotic system, and that with 
the disruption procedure a considerable proportion of the mRNA remains attached to the 
ribosome and is thus effectively lost. Thus the recovery of cDNA by RT-PCR on the ribosome 
complex is an important contribution to the increased efficiency of the invention over prior art. 

Example 9: accuracy per cycle (Figure 12) 

An important aspect of the invention is its capacity for gradually modifying proteins in vitro, 
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taking advantage of the introduction of random point mutations by the several polymerase 
reactions included in the cycle followed by ligand-based selection, i.e. protein evolution. At the 
same time, a very high rate of mutation might render the system nonfunctional by damaging 
protein structure or combining site specificity. We therefore assessed the errors which are 
introduced per cycle by cloning the products of an ARM cycle in which DB3 was selected by 
progesterone-BSA beads. The result in figure 12 shows an error rate of 0.54%, which is low 
enough to maintain structure but high enough steadily to introduce useful mutations to evolve 
improved protein capabilities, such as antibody binding site affinity. 

Example 10: Selection of an individual antibody combining site from ARM display 
libraries IN a SINGLE CYCLE. (Figures 5 and 13). 

Another important application of ribosome display is the selection of antibodies, or other 
proteins, from libraries of mutants. To investigate such selection and determine the enrichment 
possible by eukaryotic ribosome display, DB3 was mixed with random DB3 mutants which 
bind progesterone weakly or not at all (in the mutants, the H35 codon AAC was mutated to C/G 
T/A/G A). When the DB3 H35 mutant library alone was displayed as ARM complexes, no DNA 
band was recoverable after selection with progesterone- 1 la-BS A beads (Figure 5B, track 3; 

H35 

Figure 5C, track 6); translation of DB3 was demonstrated by the band obtained with beads 
coated with rat anti-K antibody (Figure 5B, track 4). When DNA mixtures containing DB3 R and 
DB3 H35 mutants in ratios ranging from 1:10 to 1 : 10 5 were displayed as ARMs, a band of V H /K 
size was in all cases recovered after a single cycle (Figure 5C, tracks 1-5). Selected DNA was 
sequenced and , based on codon detection, it was shown that whereas before selection DB3 R was 
not detectable in the 1 : 1 0 3 - 1 : 10 5 libraries, it was the predominant molecule selected from the 
1:10 3 ratio library and a major component of the PCR product from the 1 : 1 0 4 and 1:10 5 ratio 
libraries. Thus, enrichment in the range of 10 4 -10 5 fold is achievable in a single cycle of ARM 
selection. 

Because sequencing of a mixed PCR product may not be sufficiently sensitive to provide 
accurate information on enrichment, in particular to define the ratio of selected : nonselected 
(background) species, a further means of discriminating between DB3 R and DBS" 35 mutations 
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was introduced. A unique HincII enzyme site was removed from DBS" 35 but left in DB3 R . Thus, 
HincII digestion caused a reduction in size of the V„/K for DB3 R from -800bp to two fragments 
of ~500bp and 300bp, whereas DBS" 35 mutants were not cleaved and ran as a fragment of 
~800bp. After selection from mixtures in the same ratios as above, the RT-PCR products were 
cloned and DNA from individual clones mapped by digestion with EcoRI and Hindi enabling 
quantitation of the proportion of DB3 R and DBS" 35 clones recovered. As shown in Figure 13, 
70% of the clones selected from a 1 :10 4 library and 40% from a 1:10 5 library were DB3 R . This 
gives calculated enrichment factors of -10 4 fold, which is in agreement with the previous data 
from direct sequencing of PCR mixtures (above). It is possible that even greater enrichment 
could be obtained by use of larger amount of DNA in the cycle. These enrichment values are 
considerably higher than those reported for prokaryotic systems of 100-fold (15) or 40-fold (23). 

Example 1 1 : selection of an individual antibody combining site from an ARM 

DISPLAY LIBRARY IN TWO OR THREE CYCLES (Figure 14) 

While a 1:10 6 DB3 R :DB3 H35 library did not produce a detectable RT-PCR band after one cycle 
(Figure 14, track 2), two further cycles of ARM generation and selection led to recovery of a 
V H /K band, with increased intensity at each repetition (Figure 14, tracks 3,4). Sequencing again 
confirmed the selection of DB3 R . 



Example 12: changing antibody specificity by mutagenesis and ARM selection from 

A MUTANT LIBRARY (ANTIBODY ENGINEERING) (Figures 15-18) 

The affinity of the DB3 antibody for progesterone is -7,000 times greater than that for 
testosterone. We attempted to reverse this specificity by combining mutagenesis of the H3 loop 
(CDR3 of the heavy chain) with ARM display. An H3 mutant library, consisting of 3xl0 7 
members without stopcodons, was produced by random mutagenesis of DB3 R residues 98, 99, 
101, 102 and 103. Individual clones from this library, before ARM selection, were analysed by 
in vitro expression in the ARM format as described. In Figure 15, the upper part of the gel (pre- 
selection clones) shows that there was little or no recovery of cDNA after binding to testosterone- 
3-BSA-coupled beads. The mutant library was then displayed as ARM complexes and selected 
in one cycle by binding to testosterone-3-BSA beads. The recovered cDNA was cloned; 



.98543 12A1_L> 



SUBSTITUTE SHEET (RULE 26) 



. WO 98/54312 ^pCT/GB 98/0 1564 

25 

individual clones now mostly showed positive binding to testosterone-BS A with strong recovery 
reflecting good binding (lower pan of the gel). This demonstrates that the ARM display method 
is effective in selective enrichment of mutant clones with new antigen-binding properties and that 
the ARM system can be used for rapid analysis of binding activity of antibody clones. 



The library was then selected against progesterone-BSA and testosterone-BS A beads. For the 
latter, free progesterone- 1 la-hemisuccinate was present to block all progesterone binding; hence 
the effect should be to switch specificity completely to testosterone if such binders are present 
in the library. In Figure 16, the centre two tracks show this result and demonstrate that the library 
contains mutants capable of binding specifically to testosterone. The cDNA recovered after 
binding to testosterone-BS A beads in the presence of free progesterone was recycled against 
progesterone and testosterone beads and showed specificity for testosterone (tracks 6,7). This 
result implies that specificity could be switched from binding of one ligand to another. (Note, 
the band in track 7 is clearly visible on the original photograph). 

To confirm the specificity of the cDNA recovered in track 6 of Figure 16, its specificity was also 
examined by cloning. Figure 1 7 shows the analysis of individual clones expressed as ARM 
complexes in vitro and tested for binding to progesterone-BSA and testosterone-BS A beads. Out 
of 5 clones analysed, 3 bound preferentially to testosterone, demonstrating the conversion in 
specificity from solely progesterone-binding (DB3 R ) to preferential binding of testosterone 
(clones 1-3). 

One of the clones obtained through mutagenesis and selection against testosterone in the presence 
of free progesterone was analysed by ARM display and DNA sequencing. In Figure 18, it is seen 
that the mutant testosterone-binding clone bound specifically to beads coupled to testosterone-3- 
BSA (T) with no cross-reaction with progesterone- 1 1-BS A (P), and that it could be specifically 
inhibited by free testosterone-3-BSA (T) but not by free progesterone (P). 

These results demonstrate that the ability of ARM display to select from large libraries can be 
used in conjunction with mutagenesis to carry out antibody engineering, in particular to* bring 
about the alteration of antibody specificity through steps of mutation and selection. 
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Example 13: selection of human antibodies from libraries prepared from transgenic 
MICE. (Figure 19) 

An area of great interest is the use of display methods to isolate human antibodies which can be 
used for in vivo diagnostic or therapy in man. The source of such a library can be human 
lymphocytes from naturally immune or actively immunised individuals. However, in order to 
respond to human antigens, many of which are important therapeutic targets, the human 
lymphocytes must develop in a nontolerising environment. This can be achieved through the use 
of transgenic mice, which have acquired the genes encoding human heavy and light chains in 
their genomes through embryo manipulation; the ability of these mice to make endogenous 
mouse antibody has been eliminated by introduction of knock-out deletions (20). Such mice 
respond to immunisation with human antigens by production of human antibodies (20). We have 
immunised mice carrying a human heavy chain translocus comprising 5 V H genes, the complete 
D-J region and the Cy. and C5 genes, together with a light chain translocus carrying 8 V L genes, 
the entire J region and the Ck gene. The mice were immunised with progesterone- 1 la-HMS- 
BS A and after 8 weeks the spleens were removed. A V H /K DNA library was prepared by RT- 
PCR amplification of the expressed V H and light chain genes followed by random combination 
through the standard V H /K linker sequence, using recombinational PCR; the stop codon was 
deleted from the 3 f end of the light chain. The library was expressed in vitro as ARM complexes 
and selected using progesterone-BSA or testosterone-BSA coupled magnetic beads. Recovered 
cDNA was cloned and sequenced (Figure 19). The sequences enabled human VH and VL genes 
to be identified and the CDR3 regions of the heavy chain to be compared. While there is 
repetitive selection of two human VH/VL combinations (VH4/Vkl-12 and VHl-2/Vk4-01) there 
is considerable diversity in the H3 sequences. However, one of the steroid contact residues 
identified from crystallography in the VH CDR2 of anti-steroid antibodies (W50, the first CDR2 
residue) ) is universally present and a relevant aromatic is also often present around residue 100. 

Example 14. Selection of genes from an mRNA library by eukaryotic ribosome 
display. Figure 20 

Although the examples cited thus far have all related to expression and selection of antibody 
fragments, ribosome display should be applicable to any protein which retains a selectable 
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functionality, such as a binding site or an epitope, when bound in nascent form on the ribosome. 
Thus, it should be possible to isolate genes from cDNA or mRNA libraries in the ribosome 
display format, e.g. selecting complexes with antibody- or ligand-coupled particles. 

This example demonstrates the use of ribosome display (1) to select a gene encoding an 
expressed protein starting with an mRNA extract obtained from mammalian cells, (2) to select , 
a specific mRNA as a ribosome complex using an antibody attached to beads as the selecting 
agent, and (3) to recover the relevant gene by RT-PCR carried out on the ribosome-bound 
mRNA. For the library, mRNA was extracted by Pharmacia mRNA purification kit and directly 
expressed in vitro using the Promega TNT transcription/translation system. No attempt was made 
to remove the stop codon, but instead the reaction was stopped after 1 hour by cooling on ice. 
The translation mixture was exposed to monoclonal rat anti-K antibody linked to magnetic beads. 
Bound mRNA was converted to cDNA and amplified by RT-PCR using specific primers for the 
k chain and, as negative controls, for X light chain and IgG heavy chain. The results are shown 
in Figure 20. The cDNA bands in tracks 2, 4 and 6 were obtained directly from the mRNA library 
and show that mRNA for human X and k light chains and heavy chain respectively were present. 
After the expression of the mRNA in ribosome display format and selection with anti-K coated 
beads, a strong k light chain band was recovered after RT-PCR (track 4), with no band for X light 
chain (track 3) and a weak band for heavy chain (track 7), thus demonstrating the specific 
selection and recovery of k chain cDNA. To our knowledge, this is the first experiment to show 
the selection of a protein from a natural library (i.e. derived from a normal tissue) by ribosome 
display . 

Conclusions 

The greater efficiency of this display method over those previously described can be seen as 
deriving from a number of factors, the use of a eukaryotic expression system, coupled 
transcription and translation, stalling the ribosome by eliminating the stop codon and efficient 
recovery by RT-PCR carried out on the ribosome complex. Thus no time or material is consumed 
in isolating mRNA at different stages (after transcription, after selection) as in the Hanes and 
Pluckthun description. The novel step is the one of recovery, which we have demonstrated to be 
superior to ribosome dissociation. It is also likely to be much more economical due to the fact 
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it allows much smaller amounts of mRNA to be handled in the system, which is clearly important 
when selecting rare molecular species from large libraries. We have shown that very small 
amounts of input DNA can be recovered, making it practicable to use large libraries. 
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CLAIMS 

1. A method for the display and selection of proteins or peptides and for recovery of the genetic 
material encoding them, which method consists of 

(a) transcription and translation of DNA in a cell free system such that complexed panicles are 
formed, each comprising at least one individual nascent protein or peptide or other DNA 
expression product associated with one or more ribosomes and the specific mRNA encoding the 
protein or peptide; 

(b) contacting the said complexed particles with a ligand, antigen, antibody or other agent in 
order to select particles through binding to the protein or peptide product, and 

(c) recovering the genetic information encoding the protein or peptide as DNA by means of 
reverse transcription and polymerase chain reaction (RT-PCR) carried out on the mRNA while 
the latter remains bound to the said complexed particle. 

2. A method according to claim 1 in which the transcription/translation systems are eukaryotic. 

3. A method according to claims 1 and 2 in which transcription and translation are coupled. 

4. A method according to claim 1 in which the transcription/translation system is a rabbit 
reticulocyte lysate system 

5. A method according to claims 1 and 2 which involves making protein (or peptide)-ribosome- 
mRNA complexes from DNA and mRNA lacking a stop codon. 

6. A method according to claim 1(b) wherein the agent selecting the complexed particles is 
immobilised and bound to magnetic beads, plastic dishes or other insoluble support. 

7. A method in which DNA is produced by reverse transcription followed by polymerase chain 
reaction (RT-PCR), carried out on mRNA physically linked with one or more ribosomes after 
translation of the mRNA. 
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8. A method for the display and selection of proteins or peptides and for recovery of the genetic 
material encoding them, which method consists of 

(a) coupled transcription and translation of DNA lacking a stop codon in a cell free rabbit 
reticulocyte system such that complexed particles are formed comprising at least one individual 
nascent protein or peptide or other DNA expression product associated with one or more 
ribosomes and the specific mRNA encoding the protein or peptide; 

(b) contacting the said complexed particles with an insolubilised ligand, antigen, antibody or 
other agent in order to select particles through binding to the protein or peptide product, and 

(c) recovering the genetic information encoding the protein or peptide as DNA by means of 
reverse transcription and polymerase chain reaction (RT-PCR) carried out on the mRNA while 
the latter remains bound to the said complexed particle. 

9. A method according to claims 1, 5 and 8 in which the protein is a single chain antibody 
fragment. 

10. A method according to claim 9 in which the single chain antibody fragment comprises the 
variable region of the heavy chain (V H ) linked to the variable region of the light chain (V L ) (scFv 
fragment) or the entire light chain (K) (V H /K fragment). 

11. Primers for carrying out the RT-PCR reaction of the method of claims 1 and 8, to recover 
antibody fragments from antibody-ribosome-mRNA complexes, such primers being selected 
from the primers referred to in SEQ ID Nos. 3-14. 

12. A method which involves subsequent incorporation of the RT-PCR product DNA obtained 
by the method of claims 1 and 8 into an expression vector and production of the protein or 
peptide by transformation of bacteria such as £. coli. 

13. A display library comprising proteins, peptides or other DNA expression products complexed 
with eukaryotic ribosomes and the specific mRNAs encoding those proteins, peptides or other 
products. 
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14. A display library according to claim 13 in which the mRNA molecules lack stop codons. 

15. A protein-ribosome-mRNA display library according to claims 13 or 14 in which the 
individual members comprise proteins capable of binding specifically to ligands ? allowing the 
'subsequent selection of individual members of the library by binding to immobilised ligand. 

16. A library according to claims 13 or 14 in which the proteins displayed are antibodies or 
antibody fragments, including single chain fragments comprising different numbers of domains, 
such as V H , V L , scFV, V H /K, Fab. 

17. A library according to claims 13 or 14 in which the products displayed are receptors. 

18. A library according to claims 13 or 14 in which the products displayed are peptides. 

19. A library according to claims 13 or 14 in which the products displayed are protein mutants. 

20. A library according to claim 16 in which the antibodies or fragments are obtained, from 
lymphocytes of immunised or non-immunised animals or humans. 

21. A library according to claims 13 or 14 generated by means of mutation of cloned DNA 
encoding antibodies, receptors or fragments thereof. 

22. A method according to any preceding method claim which involves selection of individual 
mutants from the display library according to claim 19 or 21. 

23. The use of a ribosome display library according claim 1 8 encoding peptides for identification 
and mapping of epitopes recognised by specific antibodies or receptors. 

24. A method for making antibodies of a mouse, rat or other mammal which consists of 

(a) contacting the animal with antigen, 

(b) making a DNA library comprising combinations of the V H and V L regions of the 
immunoglobulins of said animal, linked as single chain Fv or V H /K fragments as in claim 10, 
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(c) creating a eukaiyotic ribosome display library by in vitro transcription and translation of said 
DNA library, such that complexed particles are formed each comprising at least one individual 
nascent antibody fragment associated with one or more ribosomes and the specific mRNA 
encoding the antibody fragment, 

(d) selecting complexed particles carrying specific antibody fragments through binding to an 
antigen or other agent, 

(e) recovering the genetic information encoding the antibody fragment by means of RT-PCR 
carried out on the mRNA while bound to the said particle, 

(f) expressing and collecting said antibody fragments. 

25. A method for making human antibodies which consists of 

(a) contacting with antigen a transgenic mouse carrying human loci encoding heavy and/or light 
chains of immunoglobulins as transgenes, 

(b) making a DNA library comprising combinations of the V H and V L regions of the human 
immunoglobulins of said animal, linked as single chain Fv or V H /K fragments as in claim 10, 

(c) creating a eukaryotic ribosome display library by in vitro transcription and translation of said 
DNA library, such that complexed particles are formed each comprising at least one individual 
nascent antibody fragment associated with one or more ribosomes and the specific mRNA 
encoding the antibody fragment 

(d) selecting such complexed particles carrying specific antibody fragments through binding to 
an antigen or other agent, 

(e) recovering the genetic information encoding the antibody fragment as DNA by means of RT- 
PCR carried out on the mRNA while bound to the said particle, 

(f) expressing and collecting said antibody fragments. 

26. A method for the display of proteins or peptides as complexed particles and for recovery of 
the genetic information encoding them, consisting of 

(a) translating mRNA or an mRNA library in a eukaryotic cell free system such that complexed 
particles are formed, each comprising at least one individual nascent protein or peptide or other 
expression product associated with one or more ribosomes and the specific mRNA encoding the 
protein or peptide; 
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(b) contacting the particles with a ligand, antibody or other agent in order to obtain selection of 
particles by means of binding to the protein or peptide product, and 

(c) recovering the genetic information encoding the product as DNA by means of RT-PCR 
carried out on the mRNA while bound to the particle. 

27. A method for displaying proteins or peptides as complexed particles and for recovery of the 
genetic information encoding them, consisting of 

(a) transcribing and translating cDNA or a cDNA library in a eukaryotic cell free system such that 
the complexed panicles are formed, each comprising at least one individual nascent protein or 
peptide or other expression product associated with one or more ribosomes and the specific 
mRNA encoding the protein or peptide; 

(b) contacting the said particles with a ligand, antibody or other agent in order to obtain selection 
of particles by means of binding to the protein or peptide product, and 

(c) recovering the genetic information encoding the product by means of reverse transcription 
and polymerase chain reaction carried out on the mRNA while bound to the particle. 

28. The use of repeated cycles of ribosome display and selection according to any preceding 
method claim. 

29. The use of a eukaryotic ribosome display library according to any preceding library claim 
in a method to select ligands for combining sites or receptors, such ligands having potential uses 
as drugs or therapeutics. 

30. The use of a ribosome display library according to any preceding library claim in a method 
to isolate genes through binding of translated products to immobilised antibody or ligand. 
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T7 pximmr 

5 ' -ycgcgaatacgactcactatagagggacaaaccatgfiasrsrtcnarctcg-agsasrtcwgg 

accr.cagccgaagaagcctggagagacagucaagacct:ccLgcaaggc!:tct<grggc£r.gcct 
tcaaaaactatggagtgaacl.gggtgaaggagec tccaggaaaggatt taaagtggatgggc 

tggataaacaccracactggggagccaac;ar.aLgctgacgacr.r.c:aagggacggcr.r.ccc.t t 

cr.ctctggs.aacctct:gccagcacrgccraurr.ggagaccs.acaacct.caaaaa*gaagar:a 

cggcaacgr.a i;. i:.Lcfcgtacaagaggr.gac Uicg:caactcccacLtccra;gicr.cccr:cgca 

H *""" 

• g g g a c c a c g c ~ c a c c g t:. c C. c a L r.: a g cr^aaacr a c: a r : c : c c c ;-\tc: c: - c " ^ r. : _ : : : a : tgcrccga 
linker -> 

crc£cgr.gaL.gacccagatrccacrcr.rc'CCac:r.: tgtcaacr z rcgacazcaacjccr ccacc: 

cttgeagatct agtcagagcctr.gr. acacag taatggaaacaccna r.r.r.acai tggzacczg 
cagaagccacigccagtctccaaagcn^cngatctacaaagt ttccaaccgat-r.r.tatcgggt, 
cccag&caggr ccagtggcagcgg&r.oagggacagatt tcacact caagatcagcagagtgg 
aggczgagga't ctgggaatt tact tctgcr.c tcaaagttcaca tgt tec eccgac.gr reggt 

ggaggcaccaagctggaattcaaacgggcngar.gct.gcaccaactgtatc cater rcccacc 

C K - > gg- 1 agaa gg-g-t gg 

ar.ccagtgagcagttaacatclggagg Lgcc tcagtcgtgtgcrtcttgaacaacrr ctacc 
taggtc-5 ' gaagaacttgttgaagatgg 

D3 primer 

ccaaaaacatcaatgtcaagtggaaaar tgatggcagtgaacgacaaaatggcgr cctgaac 
g*-5' 

agt.tggactgatcaggacagcaaagacagcacctacagcatgagcagcaccc:.cacgt.rgac 

gtaci;cgzcgtgggsig-tgc- 5 ' 
£2 primmr 

eaaggacgagLaLgaacgacataacagct.ar.accr.gegaggccacrcacaaga.carcaactt 

cacccacrgtcaagagcttcaacaggaar.gagr.grggrggarccagtgca-3 ' 
tcgaagttgtccttactcacaccacctaggtcacgt -5 ' 
PI prajnor 



Figure [SEQ ID 1] 
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T7 primar 

5 ' -g-casrctaacacyactcactataggaacag-a'ccaccatff-sas'yrcmarctco-afirsasrccwyg- 

acctgagc tgaagaagcctggAgagacagtcaagar.etcctgcaaggctr.ctgggc atgccr- 
r.c:aaaaactcicggagr.gaactgggt:gaaggaggc:r.ccaggaaaggactr-aaagr:ggacgggc 

r.ggat aaacaectacacr.ggggagccaacacacgtrgar.gac t tcaagggacggr.ct-gccts 

cr.ccc Lggaaacctctgccagcactgcctatttggagaccaacaacctcaaaaaccaagaca 

cogcaacqtacrtcrgr.acaagaggL.gactacgccaaccgr.r.actccgacgtc-ggggcgca 
. " - H l '° 

ggga c c a c gg t. ca c c g t: c t. :;c:cagccaaaac cac a c c c a c a c c t g- c t a c c c a c r.ggc c ga 
linker ~ > 

gc -cgr.ga i.u«(;ccag£::cc?/ccctccccaccr.cr.caar.xt:zgagatcaac;cc:: , :';:ai:.c r. 

v L ->" 

cttgcaga^c~agtcagagccnr.gr.acacagtaa , ..ggaaacacccatctiacacr.ggcacct:g 
cagaagccaggccagrcr.ccaaagcr.ccr.gacc Ucaaagt ttccaaccgaccr.r.ar.ggggr. 
cccagacaggt-cagtggcag-ggar.cagggacaga 1 1 ccacac ccaaga t cagcagagtgg 
aggctgacjgatct.gg-gaattcatctccgctictcaaagttcacatgtitcccccgacattcggt 

ggaggcaccaagccggaat: caaacgggctgar.gctgcaccaactgtatccatcttcccacc 

CK -> 

atccagtgagcagttaacatctggaggtgcctcagtcctigtgccticrtgaacAactzctacc 
ccaaagacs tcaatgtcaagtggaaaattgatggcagcgaacgacaaaacggcgtcctgaac 

agtLggactgatcaggacagcaaagacagcacctacagcatgagcagcacccccacgttgac 

152 primer; gtactcgfccgtrggg-ag-trgc-S ' 
JETVOU' primer; srtactcgtcgtggg^asrtgcaactg 

caftggacgagtatgaacgacataacagctatacctgtgaggccantcacaagacatcaactt 

gt:tcctg'crtcatact:tg-ctgtatt:g-tcgatat5rgacactccggflgfftctcy-5 r 

* . Xbal 

cacccat tgncaagagcttcaacaggaat.gagtgtggtggatccagtgca-3 ' 
tcgaagttgtccttactcacaccacctagg-tcacgt -5 ' 
Dl primer 

r-rrnrtt 2J3 [SEQ ID 2] 
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3' end of ARM mRNA is inaccessible in RT-PCR 




Figure 3 
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Figure 5 
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ARM SELECTION: ERROR RATE IN ONE CYCLE 



DB3 :OSGPELKKPGETVKISCraSGYAFKNYCft7^^ 

( 1 ) Q SGPELKKPGETVT I S CKAS GF AFKNYGANWVKEAPGKDLKWMGWI YI Y S 

( 2 ) QSGPELKKPGETVKISCKASGYAFKNYGVNWVKEAPGKDLKWMGWINIY S 

(3 ) QSGPELKKPGETVKISCKASGYAFKNYGVNWVKEAPGKDLKWMGWINIYT.. 

( 4 ) QSGPELKKPGETVKISCKASGYAFKNYGANWVKEAPGKDLKWMGWINIYT 

( 5 ) QSGPELKKPGETVKISCKASGYAFK1TZGVNWVKGAPGKDLKWMGWINIYT 

( 6 ) QSGPELKKPGETVKISCKASGYAFKNYGVNWVKEAPGKDLKWMGWINIYT 



DB3 : GE PTYVDDFKGRF AF SLET S A ST A YT , E TNNT .KNF.DT AT YFCTR GD 

( 1 ) . GE PTFVDDFKGRF AF SLET S AS . . . 

( 2 ) GE PTYVDDFKGRF AF SLET S ASTAYLE I TYLKNEDTATYFCTRGD 

( 3 ) GEPTYVDDFKGRFAFSLETSASTAYLEINNLKNEDTATYFCTRSD 

( 4 ) GEPTYVDDFKGRFAFSLETSASTAYLEINNLKNEDTATYFCTRSD 

( 5 ) GE PTYVDDFKGRF AF SL ET S AS TAYLE INNLKNEDT AT YF C TRGD 
( 6 ) GEPTYVDDFKGRFAFSLETSASTAYLEI ? ? LKNEDTATFFCTRGD 



Nucleotide err or: 9/1682 =0.54%; 



Figure 12 
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